ENLIL: A Numerical Code for Solar Wind Disturbances
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1 Imtroduction

EKLIL I8 a threedimensional magnewohydreodynamic code which caleulates the time-dependent behavior of
an kdeal Ould due to varbpus Initlal and boundary conditlons with or without an external gravitatlonal feld
taken Inte account. This ldeal magnoto-fukd dynamics can simulate the global behavior of a gas or plasma In
sltuations when microseople processes ave negligible, The cpde enables to solve problems with shocks In elther
Carteslan, cylindrical, or spherical geometry,

The EMLIL code can be understood rom & one-to-one correspondence between the lsting of the code and
this document. The lsting refers to the equatlons of this decument which in turn eefors o modules of the
code. The OLYMPUS notation I8 adopied here, eg. €203 means subprogram 3 of class 2. There I8 slmilar

correspondence for varlable and array names.
The document describes the physical model, method of solutben, Initlal and boundary, numerieal eonteaol,

struciure of the code, Input and cutput, and instructbons for the wser. Test problems, hellospherie problems,
and Ale strpeture and conventions are deseribed In separate documents.

2 Mathematical Description

This sectlon speciiies the mathematical descriptlon of time-dependent magnetohydeodynamic problems,

2.1 Fluid Description

The Ldeal Auld approsimation & used and microssopie processes are negloeted.

A [ully lonized hydrogen gas with equal electron and proton densiiles (o = n, = np) and equal electron and
proton temperatures [T =T, = 1) & assumed. Pm]:mim of this Auld arve lurther chavacterized by the moan
ratlo of specific heats 4 and the magnetie permeability g [1.2566= 108 H. m"] State of the fuld s deseeibed
by the Inllowlng macroscople parameters: mass density g [hp; ¥, velociy VIV, Vi, Vi) [ms™"), pressure p
N.m*], temperature T [K], total eneegy density I7 [T.m ™% and magnetic field Lm:ll::imn B(B,, By B.) [T]. The
external gravitation feld is considered and characterbzod by mass of the Sun Mg [1.991x 10°% kg as well as by
the gravitatlonal constant 7 [6.670 10— Nom® kg—2].

2.2 Basic MHD Model

The MHD mode]l deseribes the Huld dynamics so that all macroscople parameters ave functions of the radial
position + (m), meridional angle & [rad], azimuthal angle ¢ [rad] and time ¢ [8]. This model can be expressed
in various mathematleal forms, however, the conservative lorm & preferred for the numerical solution. This
means that the equations explicitly represents the conservatlon of mass, momentum, total energy and Induction
of magnetic fleld. Further, It I8 sultable w express an effect of the magnetic field as effects of the magnwetle
fleld pressure and tenslon of magnetie feld lnes. Using the vector operator W, we have the [ollowlng system of
equations {eg. [7]):

equation of contlouity

il
P+ V- pV) =0, (L}

equation of motion

pGM,

2

5 V) + V- GVV) = —¥(P) + 7 (2] + 2)

equation of total energy

ﬂVG M ¥

palt (3)

i BB

U]+ V- [UV] = -V - (PV) + V- (_v] .

i 7
equation of magnetie Beld

S{B) =V x(VxB), ()



where

B:!

2

is the total pressure. & sum of the thermal and magnotie pressure.
This aystem of equatlons is dosed by the expresslon for the todal energy denslty, as sum of the thermal,

kinetle, and magnetle energy densitles

P=p+5-

v: B
=2 8 = (6)
a-17 2 "3y

which serves for determination of the thermal pressure. The mean temperature T [K] B determined from the
equation of state for two-flukd [(protons and electrons) single-temperature plasma

p= kT, (7

where k = 1.38044 % 10~™ [J.LK~'] is the Boltzmann constant. Finally, the number density n [m—] Is determined
from the relation
p=mmn , (8]

where m = LG733 » 107*7 kg 1s the sum of the mass of proton and electron.

2.3 Tracking Equations

T addltional continalty equatbons are solved slmultaneously,

il
o el +V (peV) =0

i
= (1) + 9 - (V) =

where g and gy, are quantithes used to trace the Injected CME material and the magnetic field polarity, respec-
tively. The IMF In Interplanetary space ls frozen In the splar wind plasma, and the IMF polarity s passively
advected by solar wind dow. The tracking of the IMF polarity by marker particles, pp, I8 thus the same as the
tracking of Injected mass by marker particles, pe, the only difference belng that a different set of markers s
traced In each case.

2.4 Specific MHD Model

The time-dependent MHD model written In conservatlve form and specified for the spherleal coordinate system
[#, 8. 2] conslsts of the ollowing equations:
equation of contlouity

1
: el 2
a: [.c=:|+riﬂ e ]+ — BE mnapr ;+ n (pV.1=0, (9]
equation of motion
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18 the total energy density. Thus we bave to solve the system ol elght coupled, nonlinear, partial differential
equations.

3 DMethod of Solution

Hese we present a deserlption of a TVD algorithms In 1D on a stationary unkforo grid with the space varlable
demoted by x.

In the following descriptions the value of the discreibed conservative varlable U7 s defined on the mesh at
the discrete time level 1™ as a volume average within the j-ih mesh cell centered at position ;. The cell interfaces
are al x;_ypg and xi.y re, where iy = (2; + 254, )2, We shall also use the notation AL, e = Uy — U
for the diflerence of varlables In adjacent cells. The subscript § + 172 will always refer 1o & quantity contered
on the cell interface at ;. ;9. while a time centered quantity will be denoted by a superscript n+ 1/2.

A second-order me accueacy, the one-step Iorward Euler tlme=discretization shall be replaced by the two-
step time-discretbeatbon.

3.1 Predictor

The first {half} step, the predictor 1s used to compute values st "2, Hancock [unpublished; see Yee {1988))
suggesied the ollowlng predictior scheme

L At 1+ 1+ At
L 5 T [F {U; - Em.r;’] ~F ( e — iau;)l +55 - (19)

where Eﬂg‘ s the lmited difference (slope) a8 described Later.



3.2 Corrector
The second-step (full step, corpector)

M
a4l _ rra 13 _ n+1,2 i+ 12
vt =up - 2 (IR - H) s (20)
where tlme-conterad numerkcal fuxes are
. 1 .
T . 1,2 3
I = 3 [F (vE, ﬂ] +F [:LJ."_ i ﬂ] O (U - r.r;Hﬂ}] : (21)

where the values at the cell Interfaces are specifled as Tollows.
Haneock (unpublished; see Yes [1089)) used

1 -

T T 2 51

LJ.L_ s = U g Eau]. , (22}
1 -

T Rl 2 r

E’.1']1_11"1 = ['.'i++l: - E'M’r:l'—l . ()

where E-I"..?;‘ = the lmited difference (slope) as describsed Laber.

3.3 Maximum Characteristic Speed
Barmin and Pogerelen (1095 ) used

Risp =Ciin (24)
where F:I-TH is the spectral radivs of the Jacoblan matels 4F 007, Lo, the maximum characterlstle speed In
the given system. For the MHD system of equations, this apesd s

1 +B? +BY aB?
cmes = ]+ = V) + | E +\/{.r_) 4 (25)
2 P It o

where 1 Is the flow velocity, ©F is the fast-mode MHD wave, ©* ks the sound velocity, and & = Is the Alfven
veloeity.

3.4 Slope Limiters

The slopes of varlables ALT are used to compute values of varlables at the cell Interfaces. The TVD property Is
cpsured by the proceduce that lmits these slopes of varlables. The followlng linalters are used:
mdneruced Dhrod es
Mjﬂ =E.-'j_lj.~;ma.u[ﬂ,mll.‘| [|ﬂ.ff-_|l.-2|,E.-"j_lﬂM..erl.-z:l] i [Eﬁ:l

Woodward and Colella’s limiter

~ 1
ﬁ{__r]_ — zj—l,l'! TiLER [D,an (I!.ﬂ.[-rj_:ﬂl.. .E'j_h.-g!.ﬂn!f_,-_lf;, z-_|l.-g§ [M.rj+|l.-g + ﬂ-{_.r]._”-j:l)] B [ET:I
where the Z;_, g = sgn (AL _y )

3.5 DMiilti-Dimensional Problems

The cagiest way to generalize a 1D scheme to multidimensional problems s via a Strang-type 7] operator
splitting, eg. In 20
erl+| — Lfill'i LfIL'fI"liLrn [ﬂ:l

where L, and L are the appropriate 1D operators for & given time step with spatlal derivatives taken n the =
and i directions respectively. A somewhat faster and uwsoally satkslactory method = alternating the order of L,
and L, with every time step, thus

Uttt = L LU = L L L L U™ ()

o |



3.6 Div(B) Treatment

" i 1 1 1 1@
(B = (B ++ o (BB V3] + — o (BV,) = —om (nbBy V) + mﬂaw (B,V;) . (30)
(Bo)j ™~ (Ba)} ++1 3 (rBaVe) + st (BaVi) = 1ol (BoVo) s A0 (BWa) . (31)
(B — (B)} +4 o (rByVe) + 1o (BaVa) = - o (rBeVi) 4+ (BoVi) (32)

4 Initial and Boundary Conditions

4.1 Initial Conditions

Values of relevant MHD varlables at the each computational cell ave to be known at the begining of computations.
These valucs defline Initial conditions for a given run.

If gueh values are known they are stored at ini.ne file. Note that this file contains arvays of values wih
shape and dimensiong apecified aleo at grd . e file. These parameters has (o be ldentical with the code Inteenal
array dimensbons.

If gueh values are unkoown, then values at the lnner boundary bad.be has to be specified. Values o the
computational region are then exteapaolated from bounsdary values coreesponding to heglnning of computatbons
In subeoutine THBND <2, 125,

p=pg'1fr)?

T = T (1 ¢}

V=¥

B, = BY(1/r)*
= Bli1fr)" . (33)

Mote that these values are ad-hoe values that are not eonsistent with physical conditbons. Also div(B). Code
robust for most cases

Relaxatlon. Time. ee., § days [om Sun to Earth. It I8 recommended o tetart < 0 and at =0 for sure.
(8¢ namel ist NAMAUN parameters).

4.2 Boundary Conditions

There ave four exteenal boundaries of the computational reglon as shown In Flg, 2. The numerieal schemes gsed
require to know the values of the maln varlables at these boundaries, and this knowledge Is required at each time
step before the solution of the MHD system of equations. In the ENLIL asde, it 8 possible to specily boundary
condltlons corresponding to a ee dow, solld wall, peelodic system or constant values. It I8 also possible o
apecily prescribed time-dependent values at the left boundary using standard funetions.

These different houndary conditions are selected during program compllation. Table 1 glves specification
of the left boundary eondition by the parameter NBCL, Specilications of the other boundary conditions ave
slmilar.

4.3 Standard Conditions

KBCL deserlptlon

1 g sero-order extrapolation

2 Qg — g Orat-order extrapolation

3 fn—l perledic conditbons

4 gplih constant or time-depondent values




4.4 Time-Dependent Values
5 Numerical Control

5.1 Timestep Control

The tiose step must satisly the condition of stabilliy for explicit difference schemes and the cequlved accuracy
of the maleulation. The ENLIL code can be run with & cpnstant or a varlable value of the time step. The
cholee between these two cascs §s provided by the logical variable HLTIHC. [is preset value s . TRUE., Le. the
caleulation will be performed with a varlable time step which 18 specifled [or sach step by the oede lsell, I we
gl HLTIMC= FALSE.. then the caleulation will be performed with a constant time step which may he specified
by the wser.

The time-step contogl I8 performed o subroutine TINSTE <4, 6> and occues after the reqguived equations 77
have solved for the quantithes = @ v, U, B) [om step n to step o+ L

The monditkon of stability 8 the Courant-Friedicichs-Lewy condition 77 which restricts the time-step value
Loy

DT{IJ{EIJF( = }
- [u] + ¢

where MCL<1 I8 a constant, and O & the maximumn characteelstle speed.

The accuracy of the caleulation restriets the timo-step value by the rate of chango of the main physical
varlabhles durlng the ¢urrent stegp

Q'l’l.
DT < |AKQ| (Qﬂ—l _q-] DTLAST

where AEQ = & constant which determines the permissible eelative changes In variable 0} (=g, o U, B} and
DTLAST §s the previous time-step value.

The rate of lncrease or deceease of IFT ltsell I8 resteleted by the conditbons

DT < AKDT = DTLAST
L
DT == ——DTLAST
— ARDT

where AKOT > 1 Is & constant.
Finally, we demand that DT should lie within the prescribed lmits

DTMIN < DT < DTMAX

5.2 Examination and Diagnostics

The examinatlon and dlagnostles part of the ENLIL code conslsts of a check of the values of the maln varlables
and of & choek of mass and total energy conservatbon.

5.3 Subroutine EXPERT

Subroutine EXPERT «<0. 4> I8 called from many polnts throughout the code with 3 arguments definlng the locatlon
fromn which the call i made. Normally a standard version = loaded, but the user can provide his own version,
contalning the additions or modifications for the reguested locations 77, EXPERT must not call subroutines which
themselves call EXPERT In oeder to avobd recursive calllng.

6 Structure of the Code

The structure of ENLIL ks bassd on an updated wersion of the OLYMPUS system. The ENLIL code comprises
of & maln program, 88 subprograms, amd & common Blocks. The subprograms are divided Into classes and
module INDSTR (see listing) lists all subprograms wsed by the oode. SImilarly commaon blocks are divided into
groups and module INDMOM (see lsting) lists all common blocks uwsed. The organization of the subprogram
structure is shown in Flguees 1, 2, 3, and 4.



Table 1: List of Groups

(zroup Purpose

Group 0 Administratbon

Group ¥ Boundary Conditlons

Group ¥ Temporal Evolutlon and Diagnostics
Group 9 Global Physleal Varlables

Group ¥ Method of Solution

Group ¥ Qutput Conteol Parameters

Group ¥ Physleal Parameters

Group ¥ Computational Reglon

Group ¥ Tetal-variaton-Diminishing Scheme
Gzroup O Qlympus system

Table 2: List of Common Blocks

Name Puepse

comdin  Array dimensions

compro  Program labels

comadn  Bulfer arcays

combnd  Boundary conditbons
comeva  Values at observing polnts
comglo  Global MHD warlahles
commet  Numerical control
comout  Cutput conieol

comphy Physleal constants
comphy Parameters deflning a run
comreg  Computatbonal reglon
combtwva Mesh parameters

6.1 Data

6.2 Instructions

7 Run Control

& Input Parameters

The lnput parameters requived lor proper run of the code are In one file which s read by a standard Input
channel. The Input parameters flle consist of three parts:

& labhel
o namelist NAMIODE
o pnanelist NAMRBIN

Label Is a briel characterlization of the run on one ee, maximom 80 charactors.

The rapel ist NAMIOB contalns parameters describing the Input and out fle names as given In Table tab-
namjob. The namelist NAMRUN contalns physical, numerbeal, and output conteol paramicers a8 glven o
Tahle tab-namrun.

These parameters conioel the caluclations and arve subjected to user speciflcation. Module decnam [see
listing) lists them together with thelr default waluwes which are assigned to some parameters n subroutine
AUNPRE <1.03> and with bounds on Input valwes which are chocked In subroutloe RURAUX <1. 06,



Table 3 List of Classes

Name Purposes

Class (0 Main Control

Class 1 Prologue

Class 2 MNumerleal Geld

Class 3 Initlal Conditlons
Class 4  Boundary Condlilons
Class & QOutput

Clasa 6 Computational Control
Class T Magnetohydrodynamic Flow
Class & Auxiliary Procedures
Class 9 Tilithes

E.1 Input Parameters

The Input parameters fle in Ale wses the following namlng conventlon:
<fufi=.in,

that 5 equal to (see Figure Og-names |
< e < PEg = =< model> < parameters? . in,

This means that the < peramelers> name & o be specified by the user a5 & combination of 1-8 alpha-numeric
characters. Note that the in flle Is placed In the < run> divectory sloce it defines a particular computational
run for che given < eose’ and < PEs>= < model>.

Input parameters file contalns specification of [le names, start and stop tlmes of the computation, requenscy
of varlous output files, as well a8 some physical and numerleal parametors of the <runz=. I s & text (ASCIT)
flle and It has the following stroctuee:
title line
Enamjob
namelisl commands
/

Enamrun

namelisl commands
/

as detalled below.

8.2 Namelist NAMIOB

The user has to specily values of the following pararmeters:
1dir  Full name of divectory (1-80 chaes)
1praj IProject name [1-8 chars)
leade Name of < esdel [1-8 chars)
lgrd  Mame of < grid> (1-12 ¢hars)
1bgrd Name of < bandery grid= (1-12 chars)
lras Ware of restart values (1-8 chars)
lini Ware of matial salues (1-2 chars)
1bad  Mame of beundary salues (1-8 chares)
lran  Mame of porameters (1-8 chaes)

8.3 Namelist NAMRBRUN
The user has to specily values of the following parameters:



Table 4: List of Subprograms

Name Mo, Purpose

MASTER .1 Maln control

JOBSET (.2 Preset the JOB parameters
JOBCLE (b3  Clear variables and arrays
JOBFAR (h4 Read in the JOB parameters
JOBAUX (b4 Set the JOB anxiliary values
JOBCHE (G Check the JOB paramcters
JOBEMD (.7  Terminate the JOB

PARAMS (b8  Write the code parameters
EXPERT (%  Write the code parameters

DIAGHOCZY L0 Write the code parameters
VISETUR (11 Setup the VAMPIR trace Instrumentation

AUNCLE 1.1 Clear variables and arrays

AUNFRE 1.2 Set default wariables

AUNFAR 1.3  Dweflne data specifle to run

AUNCHE 1.4 Check Input data

AUNAUX LA Set auxillary walues

INPOS L6  Fimnd mesh positions of the observing polots
INEVD 1.7 Find mesh positions of the ohserving polots
GRID 2.1 Set grid coordinates

GRIDL 2.2 Set X1-grid variables and ooeffichents
GRID2 2.3 Bet X2-grid variables and coefflcbents
GRIDS 24 Bet X3-grid variables and coefflcbents
RUNINI 3.1  Hiari the calculation

INDT 3.2 Bet the inltlal thme step

BNDINI 4.3  Bet the inltlal thoe step

RESINI 33  Resume at tlme level

ARESHES 43 Resume at time level

RESEMD 33 Resume atl time level

RESFAS 33  Resume at tlme level

RESGRD 33  Resume at tlme level

RUNOUT 5.1  Control the outpat

oUTDIA 5.2 Output of diagnostics

OUTFIN 583 Ouiput at time levels

OUTTIN 4 Output of diagnostics

OUTEVQ 5885 Output of diagnostics

OUTEVL A6 Output of diagnostics

OUTEVG A7 Output of diagnostics

OUTVALCLY 5.8 Ouiput of diagnosiies

auTE1S 5.9  Output of diagnostics

ouTRZ2S .00 Output of diagnostics

auTE3S .01 Output of diagnostics

10



Takle 5: List of Subprogranss {(ent. )

Narnne No.  Turpose
RUNCAL 4.1  Step on the ¢aleulation
TIMETP 4.2 Timestep control
PASVAL 4.3  Save evolutlon In tlme
RUNTST 4.4  Test for eempletion of run
SIGVAL 4.5 Save evolutlon In tlme
SELVAL 4.6  Save evolutlon In tlme
GEOVAL 4.7 Save evolutlon In tlme
BND1 .1l Xl-boundary ¢onditiong
BNDZ .2 X2-bhoundary ¢onditiong
BND3 L3 Xdboundary ¢onditiong
BNDRDR 5.4  Read In boundary values
BMOMAP 5.5 Map boundary positbons
BNDINO 5.4 Interpolate boundary values
BMDINL 5T  Interpolate boundary values
BMDINZ 5.8 Interpolate boundary values
BMOMPI 5.9 Interpolate boundary values
MHC fi.l  Interpolate boundary values
MHD1 6.2 Interpolate boundary values
MHDZ 6.3  Interpolate boundary values
MHD3 fi.d  Interpolate boundary values
MHS 6.5 Interpolate boundary values
TOTHL 6.6  Interpolate boundary values
TOTHZ AT Interpolate boundary values
FONELL 6.8 Interpolate boundary values
tetart Start computations at this tme

Letop
Lefrom
Leto
Lratep
Lefrom
LELo
Ltatep
Lelfrom
Leto
Lestep
Lelfrom
Leto
wlhel

xlael
gamma
veok
akefl
dizero
demin
dimax
nltime

Stop computations at this tlme

RES output from this thme

RES output to this time

RES output with this step in tlme

TIM output frem this time

TIM output to this tlme

TIM output with this step ln tine

X*5 output(s) from this thme

X*5 outpui(s) to this time

X*5 output(s) with this step In tlme

EV* output(s) rom this time

EV* output(s) to this thme

X1-positlpn(s} of the gbserving polntia] in helioaphere
X2-positlpn(s} of the gbserving polntia] In helioaphere
X3-positlpn(s} of the gbserving polntiz] In helipaphere
X1-positlon(s} of the observing polntia] on Sun-Earth lne
Ratle of specifie heats (LQ<gamra<2.0)

Rotatlon speed of the Inner bowndary (00,2627
Max. value of the CFL stahllity number ((L1<akel<0.9]
Initial valuo of the timestep

Minbmum value of the tlmestep

Maximum value of the tlnestep

= _Ltrue. U tloestop conteal

11



8.4 Output Log

The output of examination and diagnostbes provided for the ruonning conteol of the caleulation during the
cxecution and Is produced by the subroutine OUTLOG. The output i85 preset to & termingl display. The reguency
of this cutput Is given by the valuwe HLOG.

The maln cutput of resulis seeved for displaying resulis of the caleulation. The output consisis of five parts:

& copy ol the Input data
& [nitlal conditions

& periodle outpat

& final ot pat

& ferminal output

8.5 Output Log
Outpuat log ls an ASCIT Ale with the followlng naming oonventioan:

< i out
[gee Flgure Og-names for speciication of <run=). It contalns:
& date and time
& Informatlon on options selecied by the user durlng compllation of the < models;
s [nformation on lnput < porameters provided by the user (a copy of La file);

a ropord of the computatlon progeess (step numbser, physical time, time step, stabllity condition, as well as
which data files are read in and written out).

9 Instructions for the User

9.1 Subroutine EXPERT

Subeouting EXPERT f).04; 15 called from many polots theoughout the code, a8 can be senn from the latlng,
with 3 arguments deflning the location from which the call s made. Normally a standard version is loaded, but
the user can provide his her own versbon, eontalning the additions or medificatbons lor the reguested locatbons
Note that EXPERT must not call subroutines which themselves call EXPERT In osder to avold recursive calling.

10 Examination and diagnostics

The examination and diagnostics part I the ENLIL code consists of a check of the values of the main varlables
and of a check of total energy conservation. Subroutine ENERGY <x.xx» flest caleulates the distribution of total
cocrgy ehich consksts of thermal energy, kinetle cnergy, and magnetic energy.

The sum of these energies.

11 References

12



